Rgt1 is a transcription factor that regulates expression of HXT genes encoding glucose transporters in the yeast Saccharomyces cerevisiae. Rgt1 represses HXT gene expression in the absence of glucose; high levels of glucose cause Rgt1 to activate expression of HXT1. We identified four functional domains of Rgt1. A domain required for transcriptional repression (amino acids 210-250) is required for interaction of Rgt1 with the Ssn6 corepressor. Another region of Rgt1 (320-380) is required for normal transcriptional activation, and sequences flanking this region (310-320 and 400-410) regulate this function. A central region (520-830) and a short sequence adjacent to the zinc cluster DNA-binding domain (80-90) inhibit transcriptional repression when glucose is present. We found that this middle region of Rgt1 physically interacts with the N-terminal portion of the protein that includes the DNA-binding domain. This interaction is inhibited by the Rgt1 regulator Mth1, which binds to Rgt1. Our results suggest that Mth1 promotes transcriptional repression by Rgt1 by binding to it and preventing the intramolecular interaction, probably by preventing phosphorylation of Rgt1, thereby enabling Rgt1 to bind to DNA. Glucose induces HXT1 gene expression by causing Mth1 degradation, allowing Rgt1 phosphorylation, and leading to the intramolecular interaction that inhibits DNA binding of Rgt1.
T HE yeast Saccharomyces cerevisiae prefers to fuel its
function by stimulating degradation of Mth1 (Flick et al. 2003; Moriya and Johnston 2004) , which leads growth with glucose and regulates gene expression accordingly. Glucose turns off expression of many genes to hyperphosphorylation of Rgt1 and loss of its DNAbinding activity. Std1, which is also degraded in response not required for growth on glucose and induces expression of other genes that participate in glucose utilization to glucose, does not seem to regulate the DNA-binding activity of Rgt1. (Johnston 1999; Ozcan and Johnston 1999; Rolland et al. 2002; Gelade et al. 2003) . Glucose induces expresWhen glucose levels are high (Ͼ2%), Rgt1 activates transcription (Ozcan et al. 1996 ). This conclusion desion of several HXT genes that encode glucose transporters, which facilitate the first step of glucose utilization rives from the observations that LexA-Rgt1 activates expression of a gene containing a LexA-binding site, and (Ko et al. 1993) . Glucose induces HXT gene expression through a signal transduction pathway that begins at deletion of RGT1 reduces the level of glucose induction of HXT1 expression (Ozcan and Johnston 1995) . No the cell surface with glucose sensors and culminates in the nucleus with alteration of function of the Rgt1 model for regulation of Rgt1 function has been put forward. transcription factor, which binds to the promoters of several HXT genes and regulates their expression (JohnRgt1 is one of only a few transcription factors in yeast known to have two different effects on transcription. ston 1999; Gelade et al. 2003) .
Ume6 recruits Sin3-Rpd3 to direct repression of some Rgt1 represses transcription in the absence of glucose.
early meiotic genes through histone deacetylase interacThis requires the corepressors Ssn6 and Tup1 (Ozcan tions (Kadosh and Struhl 1997; Kadosh and Struhl and Johnston 1995; Yang and Bisson 1996; Tomas-1998; Washburn and Esposito 2001) , and it recruits Cobos and Sanz 2002) and at least one of the paraloIme1 to activate transcription of other early meiotic gous proteins Mth1 and Std1 (Schmidt et al. 1999;  genes (Guo and Kohlhaw 1996; Rubin-Bejerano et al. Lakshmanan et al. 2003; Mosley et al. 2003) . Mth1 is 1996; Kassir et al. 2003) . Leu3 is regulated without the required for the DNA-binding ability of Rgt1 (Flick et al. help of other proteins (Guo and Kohlhaw 1996): in 2003) , possibly because it inhibits the glucose-induced the presence of the ligand, ␣-isopropylmalate, Leu3 is phosphorylation of Rgt1 (Kim et al. 2003 ; Lakshmanan a transcriptional activator, but in its absence regions of et al. Mosley et al. 2003) . Glucose inhibits Rgt1
Leu3 mask the transcriptional activation domain and cause it to repress transcription through a separate repression domain (Wang et al. 1997 (Wang et al. , 1999 or GST-Mth1 (BM 4344) were grown to log phase in LB-Amp RGT1 were made by "gap repair" of a plasmid using two RGT1 media. IPTG (0.25 mm) was added 3 hr before harvesting the PCR products (Figure 1 ). Using a plasmid carrying lexA-RGT1 cells by centrifugation. Cells were resuspended in 5 ml of (BM 3306) as a template, one PCR product is generated from buffer [100 mm NaCl, 20 mm HEPES at pH 7.5, 1 mm DTT, the 5Ј end of RGT1 using a universal "forward" primer (OM 1 mm EDTA, 1% Triton X-100, 20% glycerol, 0.5% BSA, and 1620) that anneals to plasmid sequences that are also present complete, EDTA-free protease inhibitors (Roche)] and soniin the plasmid recipient of the gap repair. The "reverse" cated 10 times for 10 sec followed by centrifugation at 10,000 ϫ primer (A in Figure 1 ) anneals to the region of RGT1 directly g for 15 min. The supernatant was incubated with an equal upstream of the 10 codons to be deleted. The 18 3Ј nucleotides volume (0.5-2.0 ml) of agarose beads linked to glutathione of this primer correspond to six histidine codons. The other (Sigma, St. Louis) for 1 hr at 4Њ. The beads were then washed PCR product used for the gap repair is generated using a four times with 10 volumes of the same buffer minus BSA and "forward" primer (B in Figure 1 ) that anneals to the region stored at 4Њ (Tzamarias and Struhl 1995) .
35
S-labeled Rgt1 of RGT1 directly downstream of the codons to be deleted and was synthesized in vitro using TNT T7 Quick for PCR DNA has 18 nucleotides corresponding to six histidine codons at (Promega, Madison, WI) according to the manufacturer's inits 3Ј end. The "reverse" primer (OM 3083) is universal and structions. In total, 10 l of this reaction was incubated with anneals to sequences in the template as well as the recipient 1-2 g of agarose beads carrying the GST fusion protein in plasmids. Approximately 0.5 g of the two PCR products is 400 l buffer containing 100 mm NaCl, 20 mm Tris-HCl at combined with ‫01ف‬ ng of a CEN-LEU2 plasmid (pRS315; pH 8.0, 0.1% NP-40, and 0.25% BSA plus complete, EDTASikorski and Hieter 1989) linearized by digestion with Sal I free protease inhibitors (Roche) for 2 hr at 4Њ with rocking. and used to transform yeast cells to Leu ϩ (YM 4509, deleted The beads were washed three times with 1.5 ml of the same for RGT1 to avoid recombination of the transforming DNA buffer and once with the same buffer lacking BSA. The bound with the genome; Table 1 ). Each deletion mutation was veriprotein was eluted in SDS sample buffer and subjected to fied by observing the expected DNA fragments following diges-SDS-PAGE. The gel was dried and exposed overnight to film tion with Sal I and Eco RI. (Tzamarias and Struhl 1995) . A similar approach was used to change single nucleotides of GST-Mth1 pull-downs using LexA-Rgt1 derivatives from cell RGT1. Two oligonucleotides, both containing complementary lysates: Yeast cell extracts were prepared from cells expressing single-nucleotide changes that will result in a point mutation,
LexA-Rgt1 by vortexing the cell pellets with glass beads in NPare used as primers (analogous to A and B in Figure 1 ) with 40 buffer (50 mm Tris-HCl at pH 8.0, 150 mm NaCl, and 1% the universal primers (OM 1620 and OM 3083) to amplify in NP-40) at 4Њ for 10 min and then 3 mg of crude protein was separate reactions the 5Ј and 3Ј portions of RGT1, using pBM incubated at 4Њ for 3 hr with agarose beads conjugated to 3580 as template. The products, (which overlap by the length anti-LexA (Santa Cruz Biotechnology). The beads were then of the PCR primers) are combined with the empty vector (BM washed with high-salt buffer (NP-40 containing 1 m NaCl) and 3564) linearized by digestion with Sal I and used to transform resuspended in the binding buffer (25 mm Tris-HCl at pH yeast (YM 4509) to Leu ϩ . 7.5, 150 mm NaCl, and 0.1% Tween20). GST-Mth1 purified ␤-Galactosidase assays: ␤-Galactosidase activity assays were performed using the yeast ␤-galactosidase assay kit (Pierce, from E. coli cell extract was mixed with the beads and incubated Glucose Regulation of Rgt1 2 hr at room temperature. The beads were washed with five MA) and probed with goat anti-mouse LexA monoclonal antibody (Santa Cruz). volumes of the binding buffer and proteins were resolved on a 7.5% SDS gel and detected with anti-LexA and GST antibodies Chromatin immunoprecipitation: Rgt1 binding to the HXT1 promoter in vivo was assayed by chromatin immunoprecipita-(Santa Cruz) after blotting to filter paper.
Immunoprecipitations: Extracts of yeast cells expressing tion as described previously (Kim et al. 2003) . Genomic DNA fragments crosslinked to Rgt1 were immunoprecipitated with LexA-Rgt1 fusion proteins from the ADH1 promoter were prepared by vortexing cells with acid-washed glass beads (0.5-anti-Rgt1 antibody and Protein A-agarose beads (Santa Cruz). The DNA sequence upstream of HXT genes in the immunomm diameter) in NP-40 lysis buffer (50 mm Tris-HCl at pH 8.0, 150 mm NaCl, and 1% NP-40) containing phosphatase precipitate was amplified by the PCR using a primer pair, OM 2642 and OM 2643. Sequences of the primers are available inhibitors (10 mm Na-pyrophosphate, 200 m Na-orthovanadate, and 50 mm Na-fluoride) at 4Њ for 10 min. The cell lysates on request. (2 mg) were incubated with anti-LexA mouse monoclonal antibody (Santa Cruz) at 4Њ for 3 hr and further incubated with protein G-conjugated agarose beads (Santa Cruz) for 1 RESULTS hr. After the beads were washed with NP-40 lysis buffer conFunctional domains of Rgt1: We scanned Rgt1 for taining 1 m NaCl, proteins were eluted by boiling in SDS sample buffer for 5 min and were resolved in SDS-polyacrylfunctional domains by deleting successive 10-amino-acid amide gels.
segments and scoring the resulting proteins for their SDS-PAGE and Western blot analysis: Cells carrying plasability to repress or activate gene expression. The delemids encoding a LexA-Rgt1 chimera with mutations were tions were constructed by "gap repair" of a plasmid with grown in minimal media to an OD 600 of 2.5, harvested by DNA fragments that flank the deletion, generated by centrifugation, and suspended in 100 l of water. An equal volume of 0.2 m NaOH was added, and the cells were incubated the PCR (see Figure 1 and materials and methods for 5 min at room temperature. The cells were harvested by for details). In total, 108 10-amino-acid deletions were centrifugation, resuspended in 50 l SDS-sample buffer (62.5 created starting just C-terminal to the Rgt1 zinc finger mm Tris-HCl at pH 6.8, 25% glycerol, 2% SDS, and 0.01% (⌬80-90) and extending to the C terminus (⌬1160-bromophenol blue), and boiled for 5 min; 10 l was then 1170). [The region upstream of the zinc finger was loaded on SDS-PAGE (Laemmli 1970; Kushnirov 2000) . Gels were transferred to a PVDF membrane (Millipore, Bedford, ignored because Rgt1 missing these sequences (Rgt1⌬1- 75) appears to be regulated normally (Ozcan et al. binding domain is fused to the N terminus of all constructs; see materials and methods for details). The 1996)].
The ability of the altered Rgt1 proteins to repress results of this analysis are presented in Table 2 and summarized in Figure 2 . Four different phenotypes are transcription in galactose-grown cells was assessed using an HXT1-lacZ reporter (pBM 2637); their ability to actiapparent among the deletion mutants. First, transcriptional repression in galactose-grown cells is abolished vate transcription in glucose-grown cells was assessed with a lexO-lacZ reporter (pBM 1817; the LexA DNAwhen amino acids 210-250 are deleted, suggesting that harboring LexA alone (i.e., with no Rgt1 fusion). Repression in a mutant is considered to be deficient if ␤-galactosidase activity in galactose-grown cells is more than one-third of that in the LexA control strain (i.e., Ͻ3-fold repression; cells with wild-type RGT1 have 1/10 of the ␤-galactosidase activity of cells with no RGT1 (LexA only) under these conditions, i.e., 10-fold repression). a Level of Rgt1 in cells was assessed by Western blotting using an antibody to LexA DBD to detect Rgt1. All proteins listed in the table were present at least at ‫%5ف‬ of the level of Rgt1 in wild-type cells (but usually much more); rgt1 deletions that caused Rgt1 to be undetectable were excluded from this analysis.
b Mutations are classified as repression deficient if they effect Ͻ3-fold transcriptional repression. c Mutations are classified as activation deficient if they effect Ͻ10-fold transcriptional activation. d Constitutive repressor alleles (i.e., repressing in glucose-grown as well as galactose-grown cells). Transcriptional activation is considered to be deficient if ␤-galactosidase activity in glucose-grown cells is Ͻ10-fold over the LexA control strain (i.e., Ͻ10-fold activation; cells with wild-type RGT1 have 30 times the ␤-galactosidase activity of cells with no RGT1 (LexA only) under these conditions, i.e., 30-fold activation).
e Mutants deficient in repression. f Constitutive activation alleles (i.e., activating in galactose-grown as well as glucose-grown cells). g Activation-deficient alleles. translation (TNT) of a PCR-generated RGT1 ORF with a T7 (pBM 3972), and ⌬750-760 (pBM 4058). The cells were grown promoter. The beads were incubated at 4Њ for 2 hr and washed on YP media containing different carbon sources as indicated four times with wash buffer as described in materials and above each lane and their chromatin was immunoprecipitated methods. Proteins were eluted from the beads with Laemmli using anti-lexA antibody. The HXT1 promoter in the immunobuffer containing 5% ␤-mercaptoethanol, separated by SDSprecipitated DNA (IP) was detected by ethidium bromide PAGE, transferred to PVDF membrane, and exposed to film staining after amplifying it in a PCR and resolving it by electrofor at least 24 hr. Lane 1, GST alone (pBM 4266) incubated phoresis through a 2% agarose gel.
with Rgt1 domain. Second, deletions of amino acids 320-380 impair transcriptional activation by Rgt1 in glucose-grown cells, suggesting that this region of the protein contribregions of Rgt1 seem to operate to inhibit Rgt1 repressor utes to transcriptional activation. Third, many of the function when glucose is available. Finally, two deletions deletions of amino acids 520-830, as well as deletion of (⌬310-320 and ⌬400-410) convert Rgt1 into a constituresidues 80-90, cause Rgt1 to be a constitutive repressor, tive activator (i.e., it activates transcription even in the inhibiting gene expression in cells grown on 2% glucose absence of glucose), suggesting that these parts of Rgt1 as well as in cells grown on media containing 2% galacinhibit transcriptional activation when glucose is absent. tose. Indeed, Rgt1 proteins missing portions of this region bind DNA constitutively (Figure 3) . Thus, these (Note that a number of deletions prevented stable ex- method and found that Rgt1 amino acids 310-320 are required for its interaction with Std1, and amino acids 350-360 are required for maximal interaction with Mth1 pression of Rgt1 and therefore could not be assayed for (Table 4 ). Mth1 and Std1 interact with Rgt1 in galactosetheir effect on Rgt1 function).
grown cells (Table 4) Yeast cultures were grown in media as described in materials and methods and assayed for ␤-galactosidase activity. The reporter of Rgt1 function used in this experiment is HXT1-lacZ (pBM 6243). Specific activity is calculated for both 2% galactose and 2% glucose conditions. The fold repression on 2% galactose is the ␤-galactosidase level of each strain (lines 2-7 and 9-11) divided into the ␤-galactosidase level of a strain with "empty vector" (lines 1 and 8, respectively). The fold activation on 2% glucose is the ␤-galactosidase level of each strain (lines 2-7 and 9-11) divided by the ␤-galactosidase level of a strain without Rgt1 (lines 1 and 8, respectively, empty vector). RGT1 is fused to the lexA DNA-binding domain in all cases.
and 5B, lane 3, respectively). Thus, Std1 and Mth1 bind becomes hyperphosphorylated upon addition of glucose to yeast cells (Flick et al. 2003; Kim et al. 2003 ; to the first 392 amino acids of Rgt1. These results, taken together, suggest that Rgt1 recruits Ssn6-Tup1, Mth1, Lakshmanan et al. 2003) . We surmised that some of the rgt1 deletion mutations that cause a constitutive and Std1 in the absence of glucose (on 2% galactose) repression phenotype (Table 2 ) may do so by preventing to form a multiprotein repression complex.
phosphorylation of Rgt1, so we searched those regions Roles of Mth1 and the central region of Rgt1 in reguof Rgt1 for possible phosphorylation sites. Two of the lating Rgt1 function: Phosphorylation of Rgt1 seems to several serine residues that we changed to alanine (S88 inhibit its ability to repress transcription, because Rgt1 and S758) result in the same constitutive repression phenotype that is caused by deletion of these regions (i.e., repression in cells growing on glucose, as well as on galactose; Figure 6 , compare line 3 to line 4 and line 5 to line 6). Changing the serine at residue 758 to an alanine impairs its ability to be hyperphosphorylated in the presence of glucose (Figure 7) . These results raise the possibility that phosphorylation of these residues is of Rgt1 is inactivated, either by deletion (⌬393-1171; unpublished observations)], the interaction is prevented (line 4). The central regulatory region of Rgt1 Figure 6 , line 11) or by changing the critical serine 758 to alanine (line 10). This suggests that Mth1 is not is required for the interaction, because it is abolished by the S758A mutation (line 6) and by several deletions directly involved in transcriptional repression, but rather prevents the central regulatory region from inof this region (lines 9, 10, 12-15). It is significant to note that all the mutations in this region that abolish terfering with transcriptional repression when glucose is absent.
the Rgt1 intramolecular interaction also lead to the constitutive repression phenotype (R c ), while the deleSince we knew that relief of repression by Rgt1 is accompanied by its release from DNA (Flick et al. 2003;  tions that do not affect the interaction have no effect on Rgt1 function (lines 8, 11, and 16). This is consistent Kim et al. 2003; Lakshmanan et al. 2003) , we considered the idea that the central regulatory region of Rgt1 (520-with our proposal (discussed below) that the central regulatory region of Rgt1 interferes with repression by 830) inhibits function of the zinc cluster DNA-binding domain of Rgt1 (46-76) by direct contact. Indeed, we interacting with and inhibiting its DNA-binding domain. found that Rgt1 1-392 (fused to Gal4 DBD ) interacts with Rgt1 450-850 (fused to Gal4 AD ; Figure 8 , line 2). This Rgt1 (Table 3) , it seems likely that this region of partially functionally redundant with Mth1, because Rgt1 mediates repression by recruiting the Ssn6/ both proteins must be absent for Rgt1 to fully activate Tup1 corepressor. transcription in high glucose (Schmidt et al. 1999 expression . Alternatively, Rgt1 might bind to DNA in glucose-grown cells, but with an Two 10-amino-acid segments (310-320 and 400-410) affinity too low for detection by the chromatin immunoseem to inhibit transcriptional activation in galactoseprecipitation assay. It is also possible that transcriptional grown cells, because deletions of these regions turn activation by Rgt1 is an artifact of the LexA-Rgt1 fusion Rgt1 into a constitutive transcriptional activator (i.e., protein with which this function was discovered (Ozcan even in cells grown on galactose; Table 2 ). Interestingly, et al. 1996) . We do not favor this last idea because rgt1 residues 310-320 are also required for interaction of mutants have reduced expression of HXT1 (Ozcan and Std1 with Rgt1, suggesting that the role of Std1 may be Johnston 1995), suggesting that it plays a role in activatto inhibit transcriptional activation, possibly by covering ing expression of this gene. Clearly, this paradox reup this domain (see below).
mains to be resolved. The role of Std1 in regulating Rgt1 function remains unclear. Std1 is a paralog of Mth1 and, indeed, it is A large central portion of Rgt1 (520-830) and a short segment adjacent to the zinc finger (80-90) operate to central regulatory region from interacting with the N-terminal portion of Rgt1, allowing Rgt1 to bind to inhibit its transcriptional repression function in glucosegrown cells, because deletions of these regions cause DNA with its zinc cluster DNA-binding domain and repress transcription by recruiting the Ssn6/Tup1 coreRgt1 to repress transcription even in glucose-grown cells (i.e., they turn Rgt1 into a constitutive repressor; Table pressor complex to the repression domain (210-250). Addition of glucose to cells results in degradation of 2). It is significant that the deletions of the central regulatory region that abolish the intramolecular interMth1, which leads to phosphorylation of Rgt1. This stimulates the interaction of the central regulatory region action lead to the constitutive repression phenotype, while deletion of adjacent residues that do not affect the with sequences near the DNA-binding domain, masking the DNA-binding domain and leading to derepression interaction have no affect on regulation of repression by Rgt1 (Table 2; Figure 8 ). These results support the idea of HXT gene expression. Rgt1 regulation combines mechanisms previously that the intramolecular interaction is responsible for relieving repression by Rgt1 in response to glucose.
learned from other well-known transcription factors. It is phosphorylated in a regulated manner like Gal4 Our observation that this central portion of Rgt1 (450-850) interacts with the N-terminal third of the (Mylin et al. 1989) , undergoes a regulated conformational change like Leu3 (Wang et al. 1997 (Wang et al. , 1999 , loses protein (1-392) suggests that it directly inhibits transcriptional repression. Since glucose-induced relief of its affinity to bind DNA upon hyperphosphorylation like Crt1 (Huang et al. 1998) , and possibly uses Std1 to Rgt1-mediated repression is accompanied by release of Rgt1 from DNA (Flick et al. 2003; Kim et al. 2003) , obscure an activation domain, like Gal4 uses Gal80 to mask its transcriptional activation domain ( residues is responsible for the interaction. 
